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Elicited by a Brief Tetanus
To examine whether prolonged LFS was necessary for tion ([Ca 2ϩ ] i ) are critical requirements for the induction of both LTP and LTD (Lynch et al., 1983; the induction of LTD, we tested whether a brief, LTPinducing tetanus could be converted to an LTD-inducing 1992; Brocher at al., 1992; Mulkey and Malenka, 1992 the direction of synaptic plasticity elicited by a 20 Hz, p > 0.35; n ϭ 7; Figure 1B) . Moreover, the second of two consecutive 20 Hz tetani applied in the absence of 30 s tetanus. Figure 1A shows that, under normal conditions (no D-APV), the tetanus produced a small but stable D-APV elicited additional potentiation (to 110% Ϯ 9%; n ϭ 3; Figure 1C ), indicating that the LTD elicited in 15 potentiation (128% Ϯ 5% of baseline field excitatory postsynaptic potential [EPSP] slope; mean Ϯ SEM). In M D-APV was dependent on the partial inhibition of NMDA receptors and was not merely due to the prior these same slices, the stimulation intensity was then reduced to return the EPSPs to their original size, and induction of LTP by the first tetanus. Figure 1D shows a summary of these experiments and demonstrates that 15 M D-APV was applied for 20 min. The same tetanic stimulus was then reapplied and resulted in a small several different subsaturating concentrations of D-APV were effective in changing the direction of plasticity elicbut significant depression (formally, a depotentiation) (to 87% Ϯ 5% of baseline field EPSP slope; p < 0.05; ited by the tetanus, although 15 M D-APV appeared, on average, to give the greatest degree of depression. n ϭ 6). In three of these experiments, D-APV was washed out, and the tetanus was applied for a third time. With By controlling the degree of NMDA receptor activation, it was even possible to convert a standard brief zero D-APV, the tetanus again elicited LTP (to 120% Ϯ 5%). Thus, by selectively controlling the degree of NMDA LTP-inducing stimulus protocol into an LTD-inducing one. In the absence of D-APV, a standard 1 s, 100 Hz receptor activation, we were able to convert an LTPinducing tetanus into an LTD-inducing one.
tetanus given four times at 20 s intervals resulted in large LTP (184% Ϯ 8%; Figure 2A ). In the same slices, The LTD elicited in D-APV was, however, NMDA receptor dependent. In the presence of higher concentrations the stimulus strength was then decreased to return the EPSP to its original size, 25 M D-APV was applied, and of D-APV (50-100 M), the 20 Hz, 30 s tetanus caused no significant change in synaptic strength (98% Ϯ 2%; the same tetanic stimulation was given, this time eliciting LTD (to 88% Ϯ 3%; n ϭ 11; p < 0.002; Figure 2A ). As in A Brief Tetanus Elicits LTD in Voltage-Clamped Cells the previous experiments, the LTD elicited in this manner was NMDA receptor dependent: in the presence of 100
The findings presented thus far suggest that the same brief tetanus can elicit either LTP or LTD depending on M D-APV, the four 100 Hz tetani caused no significant change in synaptic strength (107% Ϯ 5%; p > 0.25; n the degree of consequent Ca 2ϩ influx. However, the LTD we obtained was variable and on average rather small. ϭ 5; Figure 2B ). Moreover, the depression cannot be attributed solely to the prior induction of LTP but rather
This may indicate that a brief tetanus is suboptimal for producing LTD, although the variability in the magnitude required the partial blockade of NMDA receptors, since a second bout of tetani in the absence of D-APV produced of the LTD suggests that the optimal D-APV concentration for eliciting maximal depression might differ from further potentiation (127% Ϯ 6%; n ϭ 4; Figure 2C ).
Coupling tetanization with partial blockade of NMDA slice to slice and was therefore rarely achieved in any single experiment. (Indeed, in pilot experiments in which receptors could also elicit depression in experimentally naive slices, demonstrating that prior potentiation is not a single slice was tetanized in several different concentrations of D-APV, it was found that the optimal D-APV necessary for this effect. In 20 M D-APV, a 2 s, 100 Hz stimulus elicited a modest LTD in naive slices (88% Ϯ concentration for eliciting LTD did vary from slice to slice.) To examine further the hypothesis that brief 3%; n ϭ 14; p < 0.002; Figure 2E ). In these same slices, the D-APV was then washed out and the tetanus was tetanic stimulation can produce either LTP or LTD depending on the Ca 2ϩ influx that occurs during the reapplied, this time yielding LTP (134% Ϯ 8%; n ϭ 12; Figure 2E ). stimulus, we took advantage of the strong voltage dependence of NMDA receptors, reasoning that voltage We were initially surprised by the high concentrations of D-APV needed to convert LTP-inducing stimuli to LTDclamping the cell at negative potentials during a tetanus should reduce the Ca 2ϩ influx resulting from the synaptic inducing ones. However, a recent report (Hanse and Gustafsson, 1995) has demonstrated that high concenstimulation. Initially, we attempted to elicit LTD by applying a high frequency tetanus (30-100 Hz, 1 s) while trations of D-APV are insufficient to block NMDA receptors completely, especially during strong tetanic stimuvoltage clamping the cell at a hyperpolarized potential. While this procedure did sometimes result in LTD, LTP lation. In agreement with this finding, we found that pharmacologically isolated NMDA receptor-mediated was more often elicited, presumably due to the inability to adequately voltage clamp the dendrites during this potentials were not completely blocked by 20 M D-APV and required a concentration of 50-100 M D-APV for high frequency tetanus. We therefore repeated this experiment using a lower frequency tetanus (10 Hz, 2 s). full blockade (data not shown). This produced a large and reliable LTD in cells voltage activated voltage-dependent Ca 2ϩ channels by applying a series of depolarizing pulses in the presence of 100 clamped between Ϫ50 and Ϫ60 mV (to 68% Ϯ 4%; n ϭ 18) while eliciting STP in the simultaneously re-M D-APV. After establishing a 10 min stable baseline in current-clamp mode, cells were held at Ϫ75 mV in corded field EPSP (which reflects the changes in synaptic strength in CA1 cells that were allowed to depolarize voltage clamp, and ten 3 s voltage pulses to 0 mV were applied to the cell at a rate of one per 8 s ( Figure 4A ). freely in response to the tetanus). A single experiment is shown in Figures 3A1-3A3 , and a summary of results Depolarizing pulses applied in this manner elicited a robust and reliable LTD that persisted for over 1 hr (Figfrom 18 cells is shown in Figures 3B1-3B3 . LTD induced in this manner was dependent on the activation of NMDA ures 4A2 and 4B1) (69% Ϯ 4% of baseline, n ϭ 30). Simultaneously recorded field EPSPs ( Figure 4B2 ) were receptors, as it was blocked by D-APV (100 M; n ϭ 8; Figure 3C ) and required synaptic stimulation ( Figure 3D) . stable over the same time period, as were the input resistances of the cells ( Figure 4B3 ). This finding suggests that a prolonged period of postsynaptic Ca 2ϩ elevation is not required to generate LTD Consistent with previous results (Kullmann et al., 1992) , it was also possible to elicit a short-lasting potenin CA1 cells. Interestingly, in the voltage-clamped cells, LTD often did not occur immediately, but rather develtiation using depolarizing pulses ( Figure 4C ). This required both a higher frequency of depolarizing pulses oped slowly, reaching a final stable value at about 10-15 min following hyperpolarization-paired tetanization (see (one per 5 s) and a higher extracellular [Ca 2ϩ ] (5 mM). Changing these two parameters presumably increased Figure 3B2 ). This slow development might reflect the true time course of this form of depression, or it might the magnitude of the Ca 2ϩ rise caused by the depolarizing pulses and the degree of "temporal summation" of reflect the decay of STP occurring at a fraction of the activated synapses due to some heterogeneity in the the individual Ca 2ϩ transients. voltage pulses, we loaded cells with the Ca 2ϩ chelator BAPTA. Inclusion of 10-20 mM BAPTA in the recording influx was in and of itself sufficient to induce LTD, or whether other additional factors associated with synapelectrode prevented the induction of voltage pulseinduced LTD (97% Ϯ 3%; p > 0.4; n ϭ 9; Figure 5A ). tic stimulation might be required. To increase postsynaptic [Ca 2ϩ ] i in the absence of afferent stimulation, we Control cells in which no BAPTA was included in the recording electrode were interleaved with the BAPTA LTD (final responses were 91% Ϯ 8% of baseline). After the saturation of LTD in one path was completed, a experiments, and in these, normal LTD was elicited (76% Ϯ 9%; significantly depressed compared with BAPTAwhole-cell recording was obtained from the region of the slice between the two stimulating electrodes, and filled cells, p < 0.05; n ϭ 9; Figure 5A ). L-type Ca 2ϩ channels seem to be largely responsible for the required the voltage-pulse protocol was performed. In the control pathway, the voltage pulses elicited a clear and robust entry of Ca 2ϩ , since the L-type Ca 2ϩ channel blocker nifedipine (40 M) largely prevented the induction of LTD (to 73% Ϯ 4% of baseline at 15-20 min following voltage pulses; n ϭ 13). In contrast, in the pathway in voltage pulse-induced LTD (93% Ϯ 8%; p > 0.3; n ϭ 6; Figure 5B ). Again, interleaved control cells exhibited which LTD had been induced, the voltage pulse-induced depression of synaptic strength was greatly reduced robust LTD (63% Ϯ 4% of baseline, significantly depressed compared with nifedipine cells, p < 0.005; n ϭ (91% Ϯ 5% of baseline, p > 0.1). There was a significant difference between the magnitude of the depression 6; Figure 5B ). Consistent with the role of L-type Ca 2ϩ channels in voltage pulse-induced LTD was the obserinduced by the voltage pulses in the test and control pathways (p < 0.002). The field responses of both pathvation that the 100-300 pA inward current normally observed at the beginning of each voltage pulse was not ways were monitored during the whole-cell recordings and remained stable in all experiments. observed in the presence of nifedipine. These findings indicate that, like LTD elicited by LFS, voltage pulseinduced LTD is critically dependent on influx of Ca and Singer, 1993; Malenka and Nicoll, 1993; Christie et al., 1994; Teyler et al., 1994;  To assess whether voltage pulse-induced LTD shares mechanisms with standard LTD evoked by LFS, we per- Linden and Connor, 1995) . One influential theory (Lisman, 1989) has proposed that the magnitude of the formed occlusion experiments. This was accomplished by initially recording the field EPSPs in response to two rise in postsynaptic [Ca 2ϩ ]i determines whether synaptic weights increase or decrease. Indeed, the results of independent pathways in a single slice and saturating LTD in one pathway by applying multiple bouts (5-10 most experiments on the mechanisms of LTP and LTD can be interpreted as being consistent with this hypothmin) of LFS. The top left panel in Figure 6 shows a summary of the effects of the final two bouts of LFS in esis (reviewed by Artola and Singer, 1993; Teyler et al., 1994) . However, the requirement for prolonged synaptic 11 experiments (final response was 55% Ϯ 2% of baseline 20 min after the final bout of LFS). The control paths stimulation to elicit homosynaptic LTD in hippocampus (Dudek and Bear, 1992; Mulkey and Malenka, 1992 ) has in these slices, which did not receive LFS, did not exhibit Several previous reports are consistent with these observations. Although they did not comment on it, Malinow and Miller (1986) illustrate that depression occurred following the weak tetanization of hyperpolarized CA1 cells. Stanton and Sejnowski (1989) reported that a 5 Hz, 2 s stimulus (applied four times) could elicit either LTD or LTP in CA1 cells depending on the level of postsynaptic depolarization and proposed that the membrane hyperpolarization following tetanization might underlie "associative" LTD, the existence of which has been subsequently questioned (Stevens, 1990; Kerr and Abraham, 1993; Paulsen et al., 1993) . Similarly, in rat visual cortex, tetanic stimulation has been reported to elicit either LTP or LTD depending on the level of postsynaptic depolarization . In contrast with the present results, however, the LTDs in hippocampus or in visual cortex referred to above were both reported to be independent of NMDA receptor activation (Stanton et al., 1991; . Tetanic stimulation has also been reported to elicit a Ca 2ϩ -dependent LTP or LTD of the NMDA receptor-mediated EPSP in dentate granule cells depending on the level of postsynaptic depolarization during the tetanus (Xie et al., 1992) . Perhaps the most intriguing finding is that a single very brief stimulus (<50 ms) can lead to either LTP or LTD, chol (Huerta and Lisman, 1995) .
control cells (n ϭ 9) displayed normal LTD.
Although the ability to elicit LTD with brief tetanic Ca 2ϩ channels repetitively with depolarizing voltage pulses. This caused an LTD that was blocked by the raised the possibility that temporal features of the Ca 2ϩ presence of BAPTA in the postsynaptic cell and by the signal may be critically important for the induction of blockade of L-type Ca 2ϩ channels. Importantly, it is very LTD. This is an intriguing possibility given that the induclikely that this phenomenon represents true synaptic tion of LTP apparently requires a rise in [Ca 2ϩ ]i lasting plasticity rather than Ca 2ϩ -related toxicity to the cells at most ‫2ف‬ s . Whether Ca 2ϩ influx for the following reasons. First, cell input resistances alone is sufficient to generate LTD or LTP also remains remained stable throughout the experiments ( Figure 4B ). unresolved. Finally, it is still not clear whether synaptic Second, a "stronger" voltage-pulse protocol performed weight changes triggered primarily by Ca 2ϩ entry via in higher bath Ca 2ϩ resulted in STP rather than in greater NMDA receptors involve the same mechanisms that undepression ( Figure 4C ). Third, voltage pulse-induced derlie the synaptic plasticity elicited by activation of LTD was significantly occluded by LFS-induced LTD voltage-dependent Ca 2ϩ channels (Teyler et al., 1994) . (Figure 6 ). Here, we have presented several experiments that It has previously been reported that antidromic stimuaddress each of these issues. We find that if the magnilation (Pockett et al., 1990) or depolarizing current pulses tude of NMDA receptor-dependent Ca 2ϩ influx elicited alone (Christofi et al., 1993) or in combination with asynby brief tetanic stimulation is limited by partially blocking chronous afferent stimulation (Debanne et al., 1994) can NMDA receptors, LTD can be induced using stimulation elicit a depression in CA1 cells. However, in several of protocols that previously elicited LTP at the same synthese experiments (Pockett et al., 1990; Christofi et al., apses. Moreover, brief tetanic stimulation, which rou-1993) , the conditioning procedures were applied in solutinely elicited STP in unclamped cells, induced NMDA tions that themselves profoundly reduced synaptic receptor-dependent LTD in cells that were prevented transmission (e.g., CNQX, 25 mM Mg 2ϩ ), and the depresfrom depolarizing by voltage clamping them at negative sion of synaptic responses was monitored during washmembrane potentials. These results suggest that the out of these solutions. While the results of these experiinduction of LTD does not necessarily require a proments are therefore suggestive, they are not completely longed Ca 2ϩ signal (presumably generated by the proconclusive. In visual cortex neurons, repetitive intracellonged LFS normally used to elicit LTD), but that brief lular current pulses have been found to elicit either LTP periods of synaptic activation, similar to those normally or LTD (Volgushev et al., 1994) , although neither the used to generate LTP, can under the appropriate condiCa 2ϩ dependence nor the variables controlling whether a potentiation or depression was elicited were elucidated. tions trigger LTD. Nevertheless, these results are all consistent with the One of the most important findings of the present work was that prior induction of homosynaptic LTD with present result and suggest that a rise in [Ca 2ϩ ] i alone is sufficient to elicit LTD. This conclusion likely explains LFS largely occludes the generation of LTD by depolarizing voltage pulses. This result strongly suggests that the finding that one form of heterosynaptic LTD in the CA1 region of the hippocampus appears to involve actithe voltage pulse-induced LTD shares important mechanisms with NMDA-dependent homosynaptic LTD. Hetvation of voltage-dependent Ca 2ϩ channels (Wickens and Abraham, 1991) . It should be noted, however, that erosynaptic LTD elicited by tetanic stimulation in either CA1 cells or dentate granule cells also is occluded by a more recent study reported that LTD could not be induced either by depolarizing current pulses or by prior generation of homosynaptic LTD (Christie et al., 1995; Scanziani et al., 1996) . Thus, independent of the raising [Ca 2ϩ ]i directly via photolysis of DM-nitrophen, but also required the concomitant activation of metabosource of Ca 2ϩ (NMDA receptors versus Ca 2ϩ channels) or even the triggering event itself (Scanziani et al., 1996) , tropic glutamate receptors with the agonist trans-ACPD (Bolshakov and Siegelbaum, 1994) . The reason for this there appear to be common mechanisms responsible for LTD. This conclusion agrees with the proposal of apparent discrepancy is uncertain. One possible explanation is that in the previous experiments, the current Artola and Singer (1993) that the source of the Ca 2ϩ responsible for triggering synaptic weight changes is, pulses and DM-nitrophen photolysis did not raise postsynaptic [Ca 2ϩ ] i to the range that is required to elicit LTD mechanistically, relatively unimportant. However, recent results examining LTD in slices from neonatal animals and that ACPD may have modulated [Ca 2ϩ ] i by regulation of release of Ca 2ϩ from intracellular stores. (Bolshakov and Siegelbaum, 1994) and in dissociated hippocampal cell culture (Goda and Stevens, 1996) sugThe finding that a rise in postsynaptic [Ca 2ϩ ] i is sufficient to trigger LTD stands in interesting contrast with gest that some differences in LTD may exist in these preparations. data regarding LTP, where it is uncertain whether postsynaptic Ca 2ϩ influx alone is a sufficient trigger for the We have previously performed experimental manipulations similar to those presented here (Malenka, 1991;  phenomenon (reviewed by Malenka and Nicoll, 1993) . This raises the intriguing possibility that while the re- Kullmann et al., 1992) and found that STP was generated when the Ca 2ϩ influx via the NMDA receptor was limited quirements for induction of LTD are minimal, requirements for the induction of LTP may be more complex, during a stimulus that in normal conditions produced LTP, or when strong voltage-pulse protocols were apperhaps also requiring some presynaptic factor (e.g., Kullmann et al., 1992) . This possibility is attractive from plied in the presence of high extracellular Ca 2ϩ . The simplest hypothesis to explain both present and previthe standpoint of the control of synaptic strength in that it strictly enforces the Hebbian requirement of coactivaous results is to modify slightly the model of Lisman (1989) and to propose that the quantitative level of the tion in the induction of LTP.
